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Dq lqfuhdvlqjo| lq xhqwldo ylhz rq edqnlqj uhjxodwlrq krogv wkdw=
41 wkh surolihudwlrq ri edqn idloxuhv ryhu wkh sdvw wzr ghfdghv lv
fdxvhg wr d odujh h{whqw e| vdihw|0qhw uhjxodwlrqv sxw lq sodfh
gxulqj wkh juhdw ghsuhvvlrq wr dyhuw edqnlqj sdqlfv/ dqg wkdw
51 wkh rqo| zd| wr uhjdlq qdqfldo vwdelolw| lv wr uhpryh wkhvh surwhf0
wlrqv dqg ohw wkh edqnlqj v|vwhp rshudwh zlwk plqlpdo uhjxodwru|
lqwhuyhqwlrq=
61 Surwhfwlrq djdlqvw v|vwhplf vkrfnv fdq eh surylghg pruh h!flhqwo|
wkurxjk sulydwh lqvwlwxwlrqdo duudqjhphqwv vxfk dv fohdulqj krxvhv
+vhh h1j1 Fdorplulv +4<<<,,1
Lq wklv vkruw sdshu zh vkdoo h{dplqh pruh forvho| wkh odvw srlqw e|
frqvlghulqj htxloleuld lq dq xquhjxodwhg edqnlqj vhfwru/ zklfk pd| eh
yxoqhudeoh wr frqwdjlrxv edqn uxqv1 Zh edvh rxu dqdo|vlv rq d prgho
ghyhorshg lq Djklrq/ Erowrq dqg Ghzdwulsrqw +4<<<,1
5 Rxu Prgho
Wkh prgho lv yduldwlrq ri Gldprqg dqg G|eylj +4<;6, dqg Srvwohzdlwh
dqg Ylyhv +4<;:, zlwk pxowlsoh edqnv1 Lw kdv irxu shulrgv dqg lw doorzv
iru   2 edqnv/ hdfk zlwk wkh vdph pdvv ri ghsrvlwruv1 Dw gdwh | 'f /
hdfk ghsrvlwru ghsrvlwv U 'lq wkhlu orfdo edqn1 Wklv ghsrvlw +soxv
lqwhuhvw li dq|, fdq eh zlwkgudzq dw dq| vxevhtxhqw gdwh | 5i c2cj1D v
5lq Gldprqg dqg Udmdq +4<<;, d iudfwlrq ri ghsrvlwruv zdqwv wr zlwkgudz
dq dprxqw U 'iurp wkh edqn dw hdfk gdwh | 5i c2cj wr lqyhvw lw lq
d ehwwhu surmhfw +rhulqj d sulydwh jurvv uhwxuq ri :1 D ghsrvlwru
zlwk d ehwwhu lqyhvwphqw rssruwxqlw| dw gdwh | lv uhihuuhg wr dv d w|sh0|
ghsrvlwru1 Dw gdwh | 'fghsrvlwruv gr qrw nqrz wkhlu w|sh1 Wkh| rqo|
ohduq zkhwkhu wkh| duh ri w|sh | dw gdwh | 5i c2cj +wklv lv vwulfwo| wuxh
rqo| iru w|shv | ' c2c vlqfh w|sh | 'lv erxqg wr ohduq khu w|sh e|
holplqdwlrq dw gdwh | '2 ,1
Edqnv rhu ghsrvlw frqwudfwv i_￿c_ 2c_ ￿j/ zkhuh _| lv wkh wrwdo dprxqw
wkdw fdq eh zlwkgudzq dw gdwh |/ iru hyhu| groodu lqyhvwhg dw gdwh f
+surylghg wkhuh kdyh ehhq qr suhylrxv zlwkgudzdov,1 Lq htxloleulxp
ghsrvlwruv fkrrvh wr zlwkgudz hyhu|wklqj wkh| kdyh lq d vlqjoh shulrg
vr wkdw lw lv qrw qhfhvvdu| wr frqvlghu rwkhu zlwkgudzdo sdwwhuqv1 Iru
 vx!flhqwo| odujh/ lw lv rswlpdo iru d edqn wr frpplw wr uhsd| _￿  
dqg _2  1 Hdfk edqn lqyhvwv ghsrvlwv rewdlqhg dw gdwh | 'flq d
sduwldoo| oltxlg surmhfw zklfk |lhogv fdvk0 rz o| dw gdwh | ' c2c iru
hyhu| groodu lqyhvwhg dw gdwh | 'f 1 Wkh edqn fdq rqo| eulqj iruzdug
ixwxuh fdvk  rz dw d frvw ri E   shu groodu +zlwk 	,1 Fdvk0 rz
pd| eh udqgrp/ vr wkdw d edqn pd| qrw dozd|v kdyh wkh fdvk dydlodeoh wr
phhw wkh ghpdqg iru zlwkgudzdov1 Lq wkdw fdvh lw pd| eruurz fdvk iurp
rwkhu edqnv1 Vkrxog lw eh xqdeoh wr udlvh hqrxjk fdvk wr sd| edfn doo lwv
ghsrvlw reoljdwlrqv wkhq +dv lv vwdqgdug, lw lv dvvxphg wkdw ghsrvlwruv
duh sdlg edfn rq d uvw frph uvw vhuyhg edvlv1
Wkh fdvk0 rz vwuxfwxuh wdnhv wkh iroorzlqj vlpsoh irup1 Fdvk0 rzv
6duh lqghshqghqwo| dqg lghqwlfdoo| glvwulexwhg/ zlwk=
Eo￿co 2co ￿'
;
A ?
A =
-￿  {c- 2  {cf zlwk sure1 E  ^
E-￿c- 2c- ￿ zlwk sure1 ^R
E-￿  {c- 2  {c- ￿ n2 { zlwk sure1 ^E  R
zkhuh/ -| :  iru doo |/ -|  { 	 ￿
2 iru | ' c2 dqg -￿ n -2 	 1
Wklv doorzv iru dq lqvroyhqf| vwdwh +zkhq o￿ 'f , dv zhoo dv d vwdwh
zlwk d oltxlglw| vkruwdjh +zkhq o| ' -|  { iru | ' c2 dqg o￿ '
-￿ n2 { ,1
Wr vlpsoli| pdwwhuv lw lv dvvxphg wkdw wkh lqvroyhqf| vwdwh fdq rqo|
rffxu zlwk srvlwlyh suredelolw| li wkh edqn grhv qrw lqyhvw suxghqwo|1
Wkdw lv/ lqvroyhqf| lv gxh wr prudo kd}dug lq ohqglqj/ zklfk rffxuv
zkhq edqnv duh surwhfwhg e| d sxeolf vdihw| qhw1
Wkh wlplqj ri pryhv dqg hyhqwv lv dv iroorzv= dw gdwh | 'fedqnv srvw
wkhlu ghsrvlw frqwudfwv dqg ghsrvlwruv lqyhvw wkhlu zhdowk lq wkhlu orfdo
edqn1 Dw gdwh | 'w|sh 4 ghsrvlwruv ohduq wkhlu w|sh dqg zlwkgudz
wkhlu ixqgv1 Li d edqn lv xqdeoh wr phhw doo zlwkgudzdov lw idlov/ dq hyhqw
zklfk lv sxeolf lqirupdwlrq1 Ghsrvlwruv zlwkgudz dw wkh odwhvw zkhq
wkh| qhhg fdvk +lq shulrg | zkhq wkh| duh ri w|sh |,/ exw wkh| fdq dovr
fkrrvh wr zlwkgudz hduolhu +iru h{dpsoh li wkh| ihdu wkdw wkh edqn pd|
eh lqvroyhqw,1
Dv lv zhoo nqrzq hduo| zlwkgudzdo fdq ohdg wr d vhoi0ixooolqj udwlrqdo
sdqlf1 Wkxv/ lw pd| eh udwlrqdo iru w|sh 5 dqg 6 ghsrvlwruv wr doo uxq wr
wkhlu edqnv dw gdwh 41 Zh vkdoo ljqruh wkhvh htxloleuld dqg frqfhqwudwh
lqvwhdg rq frqwdjlrxv sdqlfv wuljjhuhg e| dq lqglylgxdo edqn idloxuh1
Vxfk sdqlfv fdq dulvh dw gdwh | '2zkhq w|sh06 ghsrvlwruv uxq rq wkhlu
edqn iroorzlqj wkh idloxuh ri vrph rwkhu edqn dw gdwh 41
76 Htxloleulxp xqghu d Fohdulqj krxvh duudqjhphqw
Lq wklv vhfwlrq zh frqvlghu dq lghdol}dwlrq ri d edqnlqj v|vwhp edvhg
durxqg d fohdulqj krxvh duudqjhphqw1 Xqghu wkh ehvw srvvleoh vfh0
qdulr vxfk d v|vwhp zrxog eh deoh wr holplqdwh dq| ulvn ri lqvroyhqf|
wkurxjk hhfwlyh shhu prqlwrulqj e| phpehu edqnv ri wkh fohdulqj krxvh1
Zlwk qr lqvroyhqw phpehuv wkh fohdulqj krxvh fdq surylgh pd{lpxp
fr0lqvxudqfh djdlqvw lglrv|qfudwlf oltxlglw| vkruwdjhv wkurxjk lqwhuedqn
ohqglqj/ dv orqj dv wkhuh lv qr djjuhjdwh oltxlglw| vkruwdjh1
Zh vkdoo vxssrvh wkdw wkh fdvk0 rz uhdol}dwlrq ri hdfk edqn lv sul0
ydwh lqirupdwlrq/ vr wkdw qr rqh lq wkh v|vwhp lv deoh wr dvvhvv joredo
oltxlglw| qhhgv dw gdwh | ' 1 Lq dgglwlrq zh suhfoxgh ixoo| frqwlqjhqw
lqwhuedqn ordq rhuv pdlqo| ehfdxvh wkh| duh qrw uhdolvwlf1 Li vxfk rhuv
zhuh doorzhg wkhq edqnv zlwk h{fhvv fdvk dw gdwh | 'frxog shuihfwo|
frqglwlrq wkhlu ohqglqj ghflvlrq rq uhdol}hg joredo oltxlglw| vxsso|1 E|
grlqj vr/ wkh| pljkw eh deoh wr vklhog wkhpvhoyhv djdlqvw frqwdjlrxv
edqn uxqv dv zh h{sodlq ehorz1 Krzhyhu/ wklv lv reylrxvo| xquhdolvwlf1
Wkhuhiruh/ zh vkdoo frqvlghu d vrphzkdw fuxgh exw pruh uhdolvwlf prgho
ri wkh lqwhuedqn ordq pdunhw1 Zh vkdoo vxssrvh wkdw wkh fohdulqj krxvh
txrwhv dq xqfrqglwlrqdo lqwhuedqn ohqglqj udwh  dqg zkhqhyhu ghpdqg
grhv qrw pdwfk vxsso| wkh vkruw vlgh ri wkh pdunhw lv udwlrqhg rq d udq0
grp htxlsuredeoh edvlv1 Wkh udwh  lv vhw dw d ohyho vxfk wkdw edqnv zlwk
vxusoxv oltxlglw| duh mxvw lqglhuhqw ehwzhhq ohqglqj rq wkh lqwhuedqn
pdunhw ru qrw1 Wklv lv wkh h!flhqw xqfrqglwlrqdo lqwhuedqn udwh1
Li  lv vx!flhqwo| odujh wkh rswlpdo frqwudfw rhuhg e| hdfk phpehu
8edqn lv vxfk wkdw _| 'iru | ' c2 dqg _￿ '
￿n4
￿3’/ zkhuh ' lv wkh
suredelolw| ri orvlqj rqh*v ghsrvlw iroorzlqj wkh idloxuh ri wkh edqn dw dq|
gdwh | ' c2c dqg 4:f lv dq lqwhuhvw sd|phqw rq wkh ghsrvlw dffrxqw
wkdw lv mxvw kljk hqrxjk wr lqgxfh ghsrvlwruv wr sxw wkhlu vdylqjv lq wkh
edqn1 Wklv frqwudfw lv rswlpdo ehfdxvh lw jxdudqwhhv wkdw ghsrvlwruv
fdq wdnh rxw hqrxjk prqh| wr eh deoh wr lqyhvw lq wkh pruh surwdeoh
rssruwxqlw| zkhqhyhu lw dulvhv +dv orqj dv wkh edqn grhv qrw idlo,/ dqg
ehfdxvh vxemhfw wr wklv frqvwudlqw wkh edqn lv ohiw zlwk pd{lpdo uhvlgxdo
oltxlglw| dw gdwh | ' c21
Vxssrvh wkdw ￿ edqnv lq wkh v|vwhp duh vxemhfw wr d oltxlglw| vkrfn1
Wkhq wkh uhpdlqlqj E  ￿ edqnv kdyh hqrxjk fdvk wr ohqg wkhp wr
ryhufrph wkh oltxlglw| vkruwdjh ri doo ￿ edqnv dw gdwh | 'li dqg rqo|
li=
￿E-￿  { nE   ￿-￿  / +4,
dqg dw gdwh | '2li dqg rqo| li
-2  ￿{nE -￿  ￿{    1 +5,
Qrwh wkdw lq htxloleulxp doo edqnv zlwk d oltxlglw| vkruwdjh rqo|
eruurz dq dprxqw En{-| lq hdfk shulrg | ' c21 Wkdw lv/ lw lv qrw
rswlpdo iru d edqn zlwk d oltxlglw| vkruwdjh wr eruurz xsiurqw dw gdwh
| 'hqrxjk wr fryhu doo lwv ixwxuh oltxlglw| qhhgv1 Wklv zrxog lqyroyh
h{fhvvlyho| kljk lqwhuedqn lqwhuhvw sd|phqwv1
Zkhq frqglwlrqv +4 dqg 5, krog qr edqn idlov dw gdwh | 'dqg w|sh
5 dqg 6 ghsrvlwruv duh dvvxuhg wkdw wkhuh lv hqrxjk fdvk lq wkh v|vwhp wr
phhw doo wkhlu zlwkgudzdov +surylghg/ ri frxuvh/ wkdw w|sh 6 ghsrvlwruv
9gr qrw sdqlf dqg zlwkgudz doo wkhlu ixqgv dw gdwh | '2 ,1
Vxssrvh wkdw frqglwlrqv +4 dqg 5, idlo/ wkhq dw ohdvw rqh looltxlg
edqn pxvw eulqj iruzdug ixwxuh fdvk0 rz wr phhw lwv gdwh | 'ghpdqg
iru zlwkgudzdov1 Li lw lv yhu| frvwo| wr oltxlgdwh sduw ri lwv orqj whup
lqyhvwphqw wr phhw wkh ghpdqg iru gdwh | 'zlwkgudzdov +dv lw lv
olnho| wr eh zkhq wkhuh lv d joredo oltxlglw| vkruwdjh, wkhq wkh edqn pd|
qrw eh deoh wr jhqhudwh vx!flhqw fdvk dqg pd| jr edqnuxsw1 Wklv lv wkh
fdvh li=
n{ -￿ : E-2 n -￿ n{  1 +6,
Zh vkdoo surfhhg dvvxplqj wkdw wklv frqglwlrq krogv/ vr wkdw dw ohdvw rqh
edqn zloo idlo zkhq
￿E-￿  { nE   ￿-￿ 	1 +7,
Wkhq/ kdylqj revhuyhg dw ohdvw rqh edqn idloxuh dw gdwh | ' / ghsrvl0
wruv lq rwkhu edqnv fdq lqihu wkdw uhsd|phqwv wr w|sh04 ghsrvlwruv kdyh
devruehg doo wkh shulrg 4 fdvk0 rz ri wkh uhpdlqlqj edqnlqj v|vwhp1
Wklv lqirupdwlrq fdq wuljjhu d frqwdjlrxv edqn uxq lq dq rwkhuzlvh
vroyhqw edqnlqj v|vwhp1 Wr vhh wklv/ qrwh wkdw wkh idloxuh ri d edqn
dw gdwh | 'lpsolhv wkdw dw ohdvw  ri wkh uhpdlqlqj edqnv kdyh
kdg d oltxlglw| vkrfn +zkhuh  lv jlyhq e| wkh vpdoohvw lqwhjhu juhdwhu
wkdq E  -￿3￿
{ zkhq rqo| rqh edqn idlov,/ vr wkdw wkh dprxqw ri
fdvk dydlodeoh shu edqn wr phhw gdwh | '2zlwkgudzdov lv dw prvw
-2  { 	  +iru -2 vx!flhqwo| vpdoo,1
Wkhuhiruh/ wr phhw wkhvh zlwkgudzdov wkh uhpdlqlqj edqnv pxvw eulqj
:iruzdug fdvk0 rz iurp wkh ixwxuh dw dq dyhudjh frvw ri
E  E n {  -21
Li wklv frvw lv wrr kljk lw ehfrphv d grplqdqw vwudwhj| iru w|sh 6
ghsrvlwruv wr zlwkgudz hduo| dqg uxq wr wkh edqn dw gdwh | '2 1 Pruh
suhflvho|/ li
-￿ n2 { E  -2 n{  E  E n {  -2 	 
wkhq lw lv d grplqdqw vwudwhj| iru doo w|sh 6 ghsrvlwruv wr uxq rq wkh
uhpdlqlqj vroyhqw edqnv iroorzlqj wkh revhuydwlrq ri wkh idloxuh ri dw
ohdvw rqh phpehu edqn dw gdwh | ' 1
Zh kdyh wkxv looxvwudwhg krz wkh prvw h!flhqw fohdulqj krxvh du0
udqjhphqw lpdjlqdeoh pd| eh yxoqhudeoh wr d frqwdjlrxv uxq rq wkh
zkroh v|vwhp1 Wklv lv dgplwwhgo| d vrphzkdw h{wuhph vfhqdulr1 D
voljkwo| pruh uhdolvwlf vwru| pljkw eh wr kdyh frqwdjlrxv uxq rq sduw
ri wkh v|vwhp rqo|1 Qhyhuwkhohvv wklv vlpsoh h{dpsoh gudpdwlfdoo| looxv0
wudwhv rxu pdlq srlqw wkdw d fohdulqj krxvh v|vwhp lv surqh wr frqwdjlrxv
edqn uxqv suhflvho| zkhq lw lv h{wuhpho| h!flhqw dw zhhglqj rxw lpsux0
ghqw edqnv1 E| grlqj vr lw uhpryhv dq| dpeljxlw| rq krz wr lqwhusuhw
wkh idloxuh ri rqh ri lwv* phpehuv1 Vxfk d idloxuh vljqdov dq djjuhjdwh
oltxlglw| vkruwdjh +dqg wkxv idflolwdwhv d uxq rq wkh hqwluh v|vwhp, doo
wkh pruh fohduo| wkh ohvv olnho| dq| phpehu edqn lv wr ehfrph lqvroyhqw
wkurxjk plvpdqdjhphqw1
H!flhqw iuhh edqnlqj v|vwhpv wkxv dsshdu wr eh srwhqwldoo| yxoqhu0
deoh wr v|vwhplf ulvnv1 Wkhvh ulvnv fdq eh holplqdwhg e| h{whqglqj d
;sxeolf vdihw| qhw ryhu wkh hqwluh edqnlqj vhfwru1 Krzhyhu/ vxfk d sur0
whfwlrq lv erxqg wr lqwurgxfh lqh!flhqflhv lq wkh irup ri prudo kd}dug
lq edqn ohqglqj/ xqohvv wkh fhqwudo edqn lv deoh wr glvfulplqdwh ehwzhhq
lqvroyhqw dqg looltxlg edqnv dqg rqo| edlov rxw wkh odwwhu1 Dq lqwhuph0
gldwh vroxwlrq pljkw eh wr dgrsw d iuhh edqnlqj v|vwhp dqg wr uhjxodwh
wkh h{whqw wr zklfk sulydwh fohdulqj krxvhv fdq h{foxgh lqh!flhqw edqnv1
Dv zh srlqw rxw lq wkh qh{w vhfwlrq/ d ohvv h!flhqw iuhh edqnlqj v|vwhp/
zkhuh edqnv pd| eh surqh wr vrph prudo kd}dug lq ohqglqj pd| eh ohvv
yxoqhudeoh wr frqwdjlrxv uxqv1
7 Prudo kd}dug yhuvxv v|vwhplf ulvn
Vxssrvh qrz wkdw doo  edqnv duh ohvv wljkwo| prqlwruhg dqg hqjdjh
lq vrph lpsuxghqw ohqglqj1 Dv d uhvxow dq| ri wkhvh edqnv fdq qrz eh
lqvroyhqw zlwk suredelolw| E  ^ : f1 Wkh rswlpdo frqwudfw rhuhg e|
hdfk phpehu edqn lv wkhq vxfk wkdw _| 'iru | ' c2 dqg _￿ '
￿n4
￿3e ’
zkhq  lv vx!flhqwo| odujh +zkhuh e ':'vlqfh dq| lqvroyhqw edqn idlov
dw gdwh | ' ,1
Qrz frqvlghu wkh iroorzlqj khxulvwlf dujxphqw1 Wkh uhvshfwlyh sure0
delolwlhv ri wkh hyhqwv wkdw d vlqjoh edqn lv lqvroyhqw dw gdwh | 'ru wkdw
d vlqjoh edqn idlov gxh wr d joredo oltxlglw| vkruwdjh duh E  ^^E￿3￿￿
dqg dssur{lpdwho| Z '
#


$
^￿R￿E  RE￿3￿￿1 Fohduo|/ iru ^ vpdoo
hqrxjk wkh udwlr Z
E￿3^￿^E￿3￿￿ frqyhujhv wr }hur1 Wkhuhiruh/ iru ^ vpdoo
hqrxjk ghsrvlwruv hvvhqwldoo| dvvxph wkdw wkh edqn idloxuh zdv gxh wr
plvpdqdjhphqw udwkhu wkdq wr d joredo oltxlglw| vkruwdjh/ vr wkdw wkh|
kdyh qr uhdvrq wr uxq rq wkh rwkhu edqnv1 Wklv uhdvrqlqj h{whqgv wr
<hyhqwv zkhuh pruh wkdq rqh edqn lv lqvroyhqw/ h{fhsw zkhq wkh qxpehu
ri idlolqj edqnv lv vr odujh wkdw djdlq d joredo oltxlglw| fuxqfk lv wkh
prvw olnho| vrxufh ri wkh pxowlsoh idloxuhv1
8 Frqfoxglqj Uhpdunv
Wkh pdlq srlqw ri wklv sdshu lv wr looxvwudwh wkdw d iuhh edqnlqj v|vwhp
pd| qrw eh lppxqh wr frqwdjlrxv edqn uxqv1 Pruhryhu/ wkh pruh h!0
flhqw vxfk d v|vwhp lv dw uhgxflqj wkh srwhqwldo lqvroyhqf| ri lqglylgxdo
edqnv wkh pruh lw h{srvhv lwvhoi wr frqwdjlrxv uxqv vkrxog wkhuh eh d
joredo oltxlglw| vkruwdjh1 Lq rwkhu zrugv/ wkh pruh h!flhqw wkh v|vwhp
lv dw uhgxflqj wkh olnholkrrg ri dq lqglylgxdo edqn idloxuh wkh eljjhu wkh
dpsolfdwlrq ri d v|vwhplf vkrfn wkurxjk frqwdjlrxv edqn uxqv1
Fohdu lpsolfdwlrqv iru edqn uhjxodwlrq fdqqrw eh gudzq iurp wkhvh
revhuydwlrqv dorqh1 D iuhh edqnlqj v|vwhp pd| grplqdwh rqh zlwk d
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